The paper presents a state of the art on knowledge of the black pearl oyster aquaculture at the scale of French Polynesia. It also introduces the main results obtained throughout the multi-partners POLYPERL project. The goal of this project was to develop an integrated and participative action-research of the pearl oyster culture system, focusing on the environmental, technological, economical and societal dimensions impacting the industry. The research proposed ranges from the understanding of biological phenomena of the production system to socio-economic aspects and governance of the industry, taking into account the management of anthropogenic, climate and health risks. We introduce here the different papers from the POLYPERL project that are compiled in this volume of ECSS dealing with recent scientific work that can contribute to sustainability of the pearl industry in French Polynesia.
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1-Introduction
Close to thirty million people worldwide depend on coral reefs. Most live from fishing, tourism or aquaculture activity. If coral reefs are not protected in time, these populations and eventually small island countries will be condemned to disappear. So, worldwide, the conservation of these ecosystem services is considered as a management priority (Millenium Assessment, 2005) . This situation is particularly striking with pearl farming industry in French Polynesia.
Indeed, in 30 years, the aquaculture of black pearl culture has become one of the most important industries (second rank for exportation values) in French Polynesia (Talvard, 2015;  Le Pennec et al., 2010; Andréfouet et al., 2012; Gueguen and Mazouni, 2014) . However, this industry, based on the exploitation of the pearl oyster Pinctada margaritifera, is currently undergoing an unprecedented crisis. As a result of the economic decline that the industry has experienced since 2001, the pearl culture industry is in a very difficult situation. The price of the pearl has collapsed (price per pearl was divided by a factor of 8) and is still decreasing.
Consequently, a large number of farms have gone bankrupt or already closed, leading to substantial job losses for the country and resulting in a resumption of migration to Tahiti.
While this serious crisis is partially due to internal causes (increase of the pearl production, disorganization of the sector, significant decrease in the average quality of the pearls exported), external factors have also a great influence (evolution of the market, economic crisis, etc…). In an attempt to reverse this trend, local authorities have established regulatory tools, promoted communication events, etc., whose effectiveness in the medium term have not yet been studied, due to the lack of robust indicators.
It is in response to this situation that the project POLYPERL was designed. By making a comprehensive analysis of the different components of the industry (technical, biological, economic, health and governance), we aimed to co-construct proposals for the management strategy of the sector. For that, POLYPERL project was splitted into complementary working packages, to embrace the different components of the pearl farming industry while maintaining between them a permanent interaction (Figure 1 ). Project work consisted of assessing the means and levels at which technological and organizational progress can be made, taking into account maintenance of marine ecosystem capacity to provide these services. In addition, this work took into account the political, social and cultural context in which this research was conducted. Indeed, with this approach, different disciplines in the scientific community were mobilized in close association with all the industry stakeholders: producers, managers and traders.
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In this context, we show in this paper an overwiew of the pearl culture industry in French Polynesia. The main research programms of these last years on pearl oyster culture are presented with a focus on the influence of global change. The importance of the socioeconomic aspects of this industry is also highlighted. In the conclusion part, we introduce the different papers form the POLYPERL project compiles in this special issue of ECCS.
2-French Polynesia and pearl culture
French Polynesia is made up of five socio-cultural archipelagos (Société, Tuamotu, Gambier, Marquises and Australes) and comprises 118 islands and atolls. Its total area is 5.03 million km 2 but the land area only accounts for 3500 km levels. This activity, spread over 25 Polynesian islands, contributes not only to slowing down the human migration from the other islands to Tahiti, but also helps planning and economic development of these areas. Pearl culture, which is directly dependent on the health of the lagoon ecosystem, is in fact the second source of revenue after tourism and is the first export industry (Talvard C, 2015) .
Pearl culture began to develop in French Polynesia in the early 1970s. The main advantage of this region, compared with other countries where the species P. margaritifera is present, is the spontaneous and virtually unlimited natural supply of spat (juveniles) in atoll lagoons.
Rapid progress in terms of rearing and informed commercial policy succeeded in making the "Tahitian Black Pearl" a recognised luxury product that exported well to a responsive international market. High mortality of pearl oysters, which started in the mid 1980s, contributed to a scarcity of the product and thus to a significant increase in the gem price per gram. In 1986, the gem price per gram peaked at 80 € (Figure 3 ). The epidemic was quickly contained by the implementation of appropriate regulations, and by rapid advances in farming and spat collecting techniques. These advances, in turn, led to the overproduction of pearls, often at the expense of quality. Moreover, the very rapid increase in the number of rearing concessions further boosted this overproduction. In 2000, production exceeded 11 tons with a price per gram of only 15 €. This greatly increased production and has contributed to increase in the volumes of gems exported at the expense of quality. A socio-economic analysis notes that this downward trend now appears to be stabilizing, but also reports that the situation remains fragile and at risk from another fall.
Yet, over the last 3 decades, this activity has become essential to the economy of French Polynesia. Pearls are the top export resource, with a value of 73.7 million euros in 2014
( Figure 3 ). The activity, with 561 rearing concessions (in 2014), is distributed across 25
Polynesian islands, mainly in the Tuamotu Archipelago (70%) (Talvard C, 2015 . This scattering contributes significantly not only to reversing the flow of migrants from the other islands to Tahiti, but also to land-use planning, and the structural development of these pearlfarming islands. The latest statistical estimated in 2012 censused 1300 people as living from this activity. French Polynesia has more than 90% of the market, making it the world's largest producer of coloured pearls.
3-Previous research on pearl oyster culture in French Polynesia
Because the importance of Polynesian pearl farming for the economy is understood, biomineralization, these works concern other species than that grown in Polynesia (Southgate and Lucas 2008) . Very little work has been done on P. margaritifera, which is mainly reared for pearl production in French Polynesia. The need to develop an approach and working method for research and collaboration was quickly felt and research programmes were organised along the three principal orientations such as the sustainability of the pearl industry, the improvement of farm profitability and the prevention of health and environmental risks.
Under these topics, a number of actions have been undertaken. In 2003, the REPANUI network, a disease monitoring network for the pearl oyster P. margaritifera (Joly et al. 2007) has been established. This network responded to a need for animal health surveillance that arose due to the rapid growth of the pearl industry and, episodes of mass mortality that occurred in 1985 (P. margaritifera, French Polynesia) and 1997 (P. fucata, Japan). The objectives of this network are the early detection of exotic pathogens and the prevention of their spread. However, changes in rearing practices, developments in pathogen detection methods, and an increase in stock transferts are all factors that require an improved network to be established to adapt to such changes. This analysis of the situation and adaptation of the
pearl oyster monitoring network in French Polynesia was conducted as part of the POLYPERL project, which provides an advantageous framework for exchanges with all stakeholders. The current status of shellfish farming with regard to mortalities in metropolitan France makes such preventative work all the more necessary.
The first multi-partner research project involved the establishment of a research group to improve the quality of cultured pearls from French Polynesia (ADEQUA programme, 2008 (ADEQUA programme, -2012 . This group was composed of a dozen laboratories, in Polynesia and metropolitan
France, aiming to contribute to improve the quality of cultured pearls. Even if grafting operations have been performed in Polynesia since the 1960s, the grafting technique is however far from being standardised. The choice of donor oysters, quality of the tissue used for the graft and the physiology of the receiving oysters are decisive factors for success, but these are not sufficiently tested or technically controlled. From graft surgery to harvest, pearl culture is still done in many different ways according to the methods of each particular grafter or of pearl farmer. Such differences lead to highly variable levels of post-operative mortality, nucleus retention and pearl quality. The research conducted during this program concerns the influence of external factors on the development of pearl oysters (Linard et al, 2011 , Joubert et al, 2014 , the composition of the nucleus, the grafting process (Cochennec-Laureau et al,
2010
) and the description of biomineralisation mechanisms (Joubert et al., 2010; Montagnani et al, 2011 , Marie et al. 2012 , the structure of the pearl and the selection of "donor" pearl oysters to provide tissue to be grafted .
Another program involved research initiated in 2008 was supported by the IX European Development Fund as part of the program on "Professionalization and sustainability of pearl culture." The work consisted of analysing the interactions between pearl oysters and their hydro-climatic environment. It therefore required the necessary disciplines to study climate and currents in relation to ecology and ecophysiology in the context of studies on food sources and their influence on growth, reproduction and the fate of oyster larvae (Andrefouet et al., 2012 , Fournier et al, 2012 a, b, Thomas et al, 2012 . This project, completed in November 2010, has led to an improved characterization of the ecosystem and tools and methods can now be envisaged that will optimize spat collecting strategies, with the development of models of growth and larval transport. These results were used throughout the POLYPERL project to move towards the creation of a forecasting centre for spat collection in French Polynesia (Thomas et al., 2014) .
A research project on the 'Genetic resources of Polynesian pearl culture' (REGENPERL, 2010 (REGENPERL, -2014 concerns the genetic aspects of pearl oysters. The objectives of this program were
to evaluate the impact of pearl culture on the genetics of wild pearl oyster populations and to evaluate the genetic drift linked to this activity (Chavez et al., 2011; Lemer et al, 2012) . More recently, improvement of cultured pearl quality by a genetic selection program has been undertaken by selecting interesting wild donors to be used as broodstock .
The use of a multi-trait selection program, taking into account quantitative genetic control and an improved understanding of genetic correlations necessary to avoid inadvertent selection against nontarget traits, is an effective strategy to improve cultured pearl quality and value.
Extrinsic factors are studied in a dedicated experimental design to estimate the contribution of environmental variation (water conditions, temperature, trophic level, sanitary status, etc.) and human impact components (cultural practice, grafter effect, etc.) on cultured pearl quality.
4-Influence of global change on the sustainability of the resource
The life cycle of marine tropical molluscs depends on the variations in water temperature and food availability. P. margaritifera is a filtering suspension feeder that obtains food by capturing particles suspended in the water column. After a planktonic phase of about three weeks (Doroudi, et al. 2003) , the larvae metamorphose into post-larvae and spat, which are able to bind to different substrates by forming byssus. In nature, substrates are scarce and there are many predators, so juvenile mortality is very high. The species compensates for this by an extraordinary high fertility, and it is this feature that is exploited by the pearl farmers during spat collection.Indeed, pearl culture in French Polynesia relies entirely on the supply of wild juveniles collected on artificial substrates. Understanding the biotic and abiotic factors that affect the success of larval development and ultimately settlement is of major concern for the industry. The trophic richness of atoll lagoons is closely linked to the level of exchange with the ocean as well as to reef geomorphology and, thus, water residence time Andrefouet, 2001, Dumas et al. 2012) . Lagoon waters are generally described as stable and homogeneous (Delesalle et al., 2001) , but several studies show strong spatio-temporal fluctuations at day, diel and vertical scales of temperature, salinity, chlorophyll or bacterial community counts (Charpy and Blanchot, 1998) . Such environmental heterogeneity, liable to significantly affect the development and survival capacities of bentho-pelagic organisms, has been described in Ahe lagoon (Thomas et al., 2010; 2014 and Dumas et al., 2012) .
The possible consequences of acidification of water bodies on pearl farming would be twofold: (i) disruption of metabolism and slowing of growth and deposition of pearl nacre on the nucleus, (ii) modification of food sources available to pearl oysters. The planktonic ecosystem M A N U S C R I P T
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of the atoll is presently dominated by picoplankton, made up of non-calcifying cyanobacteria and picoeukaryotes. The effect of acidification on phytoplankton is not known. But changing the structure of the plankton ecosystem may alter nutrient resources available to pearl oysters.
Indeed, such a change might call into question the role of the trophic link between picoplankton and oysters. In the POLYPERL project, the analysis of trophic interactions between reared assemblages (oysters and epibiota) and the planktonic ecosystem wasperformed in situ.We have also addressed the role of epibiont communities on the diet of the pearl oyster (Lacoste et al, 2014 a,b) to compare their potential influence on nutrient budget in these atoll lagoons (Lacoste and Mazouni, this issue).
Pearl culture in French Polynesia depends on the exploitation of a single species, the pearl oyster P. margaritifera. In addition to the lagoon ecosystem to maintain the capacity to provide services, sustainability can be approached from a genetic point of view, as different populations of this species can be isolated by hundreds of kilometres. The results obtained show a homogenisation of the genetic resources pearl oyster stocks of several atolls following massive inter-island transfers (Lemer and Planes, 2012) . Indeed, these transfers, which increased greatly in response to the growth of the pearl industry, were done to artificially boost the size of the farmed populations. Besides health and environmental risks associated with these practices, the transfers have led to a genetic homogenization of populations on the pearl farming atolls. Now this risk has been recognised, it is urgent to preserve the genetic variability through the creation and maintenance of a reference population of wild genetic resources. The POLYPERL project has extended the analysis of diversity (Lemer and Planes, 2012) and identified the risk profiles, including those involving animal health (Tan et al., 2015) .
5-Socio-economic sustainability
Pearl culture has a key position in Polynesia. This activity contributes not only to slowing down the human migration from the other islands to Tahiti, but also helps planning and economic development of these areas. This industry is currently undergoing an unprecedented crisis, with profits showing a continuing decline. The development history of the black pearl industry in French Polynesia is rather classic in terms of aquaculture development. But this development is also threatened by additional exogenous factors. Export-oriented aquaculture and high value aquaculture products are generally characterized by quickly increasing production, price declines and cyclical profitability. Such aquaculture products include cultured pearls but also, for instance, salmon, shrimp or seabass, which present similar trends M A N U S C R I P T
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(Tisdell 2003). The initial development is characterized by a rent period linked to the introduction and initial growth of the activity, where the sector develops dramatically, sustained by high prices at the farm gate, a relative small number farms and a low production at the industry level (Figure 3) . A maturity step follows and the product then either goes into stabilization or decline. Regarding pearl oyster culture in French Polynesia, the trend is rather to decline with stabilization but very low average prices that do not cover production costs, underlining an overproduction according to the market context.
Faced with decreasing prices and the need for cash flow, pearl farmers have become trapped in a vicious circle by overstocking to balance lower production margins and harvesting and selling products before the economic optimum, which further pushes the price down. In addition to these difficulties, pearl culture is also facing external threats: (i) a structural constraint of the Territory's economy attached to the "atomic" rent, leading to high production costs (Poirine 1992) ; (ii) some environmental threats related to global change and its impact on oyster stocks; (iii) recent events in Japan (March 2011 earthquake), which will impact the black pearl market. The last of these difficulties underlines the dependency of the industry on its market and the fragility of development based on a single product for which there is fluctuating demand due to the luxury characteristics initially attached to it. A consequence of the difficulties faced could be perceived as a healthy shakeout for the industry, but behind the private profitability of farms, there is also a social dimension of pearl culture in French Polynesia, through local development and population fixation on remote archipelagos. Over its development, the Tahitian black pearl industry gradually changed from a luxury and high value-added product to a mass production product. But policies implemented are still the ones related to the luxury characteristics acquired during the rent period. This call for a change in the way stakeholders view the industry and a better division and differentiation of the range of products.
6-Conclusion
The great changes that have taken place in the pearl industry over the last ten years, both in production practices and due to the local and international economic situation, mean that a major (new and innovative) reorganisation of the industry needs to be thought-out. In terms of organisation, the pearl sector has progressed a great deal in these ten years, but to be ready and anticipate future change, this industry has also adopted and issued new regulations.
Global change must be taken into account in the management and governance of the Tahitian pearl culture industry, considering the multiple perspectives of animal health, biology, M A N U S C R I P T
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10/18 environment and economics. The originality of the POLYPERL project was that it has offered the opportunity to simultaneously characterize different dimensions of the industry on the basis of a research approach (participative action research) that included the participation of the different stakeholders, producers, private businesses, and government services. These collective actions made it easier to bring together scientific and practical knowledge and thus the subjects examined.
The project designed provided close links between pure-science approaches, including the ecophysiology and genetic diversity of the species ( conditions and a "model tool" to predict larval recruitment in the Ahe atoll (Andrefouet et al., 2016 ; Thomas et al., 2016) . In addition, improved husbandry and grafting practices (Latchere et al., 2016) and designing breeding objectives for the genetic improvement of P.
margaritifera (Le Pabic et al., 2016) have been described.
In the frame of the POLYPERL project, the analysis of potential for the improvement of eco-efficiency of pearl farming as part of a sustainable and integrated management approach has been done by exploring technical and organisational innovations at the farm level, but also at the level of professional organisations and governance. These approaches have helped us to foresee the evolution of jobs, training and regulatory methods to be implemented to facilitate innovation. To close the POLYPERL project, a symposium was organized to present all results of the project to professional of pearl farming. With a hundred participants, the profession mobilized to this day and has shown interest in the scientific results.
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